Abstract: Despite the benefits of first and second generation anaplastic lymphoma kinase (ALK) inhibitors in the management of ALK-rearranged advanced non-small-cell lung cancer (NSCLC), the development of acquired resistance poses an ongoing dilemma. Brigatinib has demonstrated a wider spectrum of preclinical activity against crizotinib-resistant ALK mutant advanced NSCLC. The current review narrates a brief history of tyrosine kinases, the development and clinical background of brigatinib (including its pharmacology and molecular structure) and its use in ALK-positive NSCLC. Keywords: non-small cell lung cancer, ALK positive, ALK inhibitors, brigatinib, TKI
Introduction
According to the most recent Surveillance, Epidemiology, and End Results (SEER) database update, lung cancer accounts for 13.5% of all new cancer cases, with an estimated 234,030 newly diagnosed patients in 2018 among the US population. Conversely, lung cancer accounts for 25.3% of all cancer deaths and 5-year survival averages 18.6%. 1 Traditionally, lung cancer has been categorized based on histopathology and immunohistochemical stains, being designated as either small-cell lung cancer or nonsmall-cell lung cancer (NSCLC). NSCLC accounts for about 80% of all lung cancer cases, and often presents at an advanced stage. Historically, cytotoxic chemotherapy has been the backbone of systemic therapy, with only a marginal improvement in the median overall survival (OS) of less than 1 year from diagnosis. 2 However, the discovery of subsets of NSCLC with specific genetic alterations, and the development of targeted therapy for those subsets, has dramatically changed this treatment paradigm.
The identification of the anaplastic lymphoma kinase (ALK) gene rearrangement has been one of the more pivotal breakthroughs in the management of NSCLC over the past decade. It is present in 3%-7% of NSCLCs, and affords susceptibility to targeted therapy with ALK tyrosine kinase inhibitors (TKIs). 3, 4 Notably, preclinical work has also demonstrated that the patient population harboring epidermal growth factor receptor (EGFR) mutations did not overlap with those harboring the ALK gene rearrangement, recognizing ALK-positive NSCLC as a distinct, novel subclass within NSCLC. 3 In this paper, we will delve into the details of the clinical development and management of this disease, focusing on the place of brigatinib in therapy.
Clinical manifestations of ALK-positive disease
Patients with ALK-positive rearrangement are diagnosed at a median age of 52 years, which is typically younger compared to the general NSCLC population regardless of subtype, and also among those harboring EGFR mutations. Whereas EGFR mutations are more common among females, ALK rearrangements have a greater predilection among males. 5, 6 Consistent among both subgroups, however, is that patients are never-smokers or light smokers (,10 pack-years). Tumors generally tend to be more centrally located, and patients often present with advanced disease. Cerebral and hepatic metastases are not uncommon, nor are pleural and pericardial effusions. This pattern seems to underscore the inherent aggressive nature of this disease. 7, 8 History of drug development for ALK-positive disease Crizotinib was the first US Food and Drug Administration (FDA)-approved ALK TKI. Based on results from the Phase III clinical trial PROFILE 1014, it demonstrated superiority to chemotherapy, thus cementing its role as standard-of-care first line therapy in patients newly diagnosed with ALK-rearranged NSCLC. Among those treated with crizotinib in the first line, 74% had an objective response with a progression-free survival (PFS) of 11 months, compared to 45% and 7 months, respectively, in the platinum-doublet first line arm. 9 Nonetheless, the acquisition of mutations that confer resistance seems almost inevitable, with progression usually occurring around 1 year following the initiation of therapy. 9 Multiple mechanisms have been implicated in the development of resistance, and are generally stratified as either ALK dominant or ALK non-dominant. 10, 11 Furthermore, among patients treated with crizotinib, the first site of progression is usually the central nervous system (CNS) (25%-50%), and is believed to be due to inadequate CNS penetration of this drug. 12, 13 Similar to other TKIs, crizotinib appears to be a substrate for ABC transporters such as the ATP-dependent P-glycoprotein, which are able to actively restrict the passage of the drug through the blood-brain barrier.
14 Consequently, this prompted the development of newer generation ALK TKIs to overcome these resistance patterns, and these include ceritinib, alectinib, brigatinib, ensartinib and lorlatinib.
The FDA granted accelerated approval of ceritinib in April 2014, for patients who progressed while receiving crizotinib. 15 Alectinib received a similar approval for the same population in December 2015, 16 followed by brigatinib in April 2017. 17 Other ALK TKIs, such as lorlatinib, have been granted priority review or orphan drug status by the FDA for patients who have ALK TKI resistance. Approval of these agents has relegated traditional cytotoxic chemotherapy, and even immune checkpoint inhibitors, to the third line setting and beyond. The J-ALEX study was a randomized, Phase III study comparing alectinib to crizotinib among patients with ALKpositive NSCLC, who were either chemotherapy-naïve or had received one prior chemotherapy regimen. Alectinib demonstrated superiority in terms of PFS and side-effect tolerance, with fewer patients discontinuing the drug compared to those in the crizotinib arm. 18 Based on these results, alectinib is currently approved in both the USA and Europe in the first line setting. Nonetheless, for those communities where alectinib is not available or easily accessible, many treatment guidelines continue to recommend crizotinib upfront, with a switch to an alternative TKI upon progression or an intolerable side-effect profile. The choice of agent thereafter is often dependent on drug approval patterns, overlapping toxicity and, ultimately, concerns over cost.
Clinical background
Cellular homeostasis and mitogenesis is regulated by the interaction of growth factors with specific receptors present Drug Design, Development and Therapy 2019:13 submit your manuscript | www.dovepress.com
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Ali et al on the cell surface. One of the most important classes of receptors is the tyrosine kinase-associated receptor. Tyrosine kinase-associated cellular pathways are involved in altering important functions such as transcription and translation, and if dysregulated can lead to oncogenesis. 19 There are at least 20 different classes of receptor tyrosine kinases (RTKs), including epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), ALK and ROS receptor families. 20 EGFR was one of the first RTKs to be discovered, in 1960. 21 Honegger et al reported that the tyrosine kinase function of EGFR is related to the ATP binding pocket, which can interfere with the receptor signaling. 22 Further studies led to the development of an EGFR inhibitor, gefitinib, which was later approved for the treatment of NSCLC in the USA in 2003. 23 The development of other TKI molecules continued to be a hot topic for research and drug development. Although the ALK gene was initially discovered in 1994 in anaplastic large-cell lymphoma, it then led to the discovery of the EML4-ALK fusion gene in 2007 in a (5%) subset of pulmonary adenocarcinomas with the inversion (2)(p21;p23) rearrangement. Both ALK and EML4 genes are located on the short arm of chromosome 2. EML4-ALK translocation with chromosome 2 p inversion leads to a driver mutation with potent oncogenic potential. This translocation leads to the formation of a protein translated by the EML4 gene. As a result of the fusion with its partners, the new ALK protein migrates from the cell membrane to the cytoplasm and becomes more stable (increased half-life), which in turn results in ALK overexpression and activation.
Crizotinib was the first available TKI targeting the cMET and ALK fusion protein. There were two randomized controlled trials that led to the accelerated approval of crizotinib in ALK-positive NSCLC patients in 2010. 24, 51 Crizotinib was found to be effective only in patients with the ALK translocation. Some of the patients with NSCLC developed gatekeeper mutations L1196M within the kinase domain, making it unresponsive to crizotinib. 25 One-third of ALK-positive NSCLC patients develop secondary mutations and approximately 40% have a primary refractory disease. 3 This led to the development of second generation inhibitors of ALK fusion protein, namely ceritinib 4 and alectinib. 26 Although some of the second generation ALK inhibitors were able to overcome crizotinib-resistant mutations, novel mutations resistant to each of these agents quickly arose. [27] [28] [29] This prompted the development of a newer generation TKI which would target these emerging mutations, namely brigatinib.
Pharmacology
Brigatinib is composed of a dimethylphosphine oxide (DMPO) group constructed in a U-shaped confirmation around a bis-anilinopyrimidine scaffold. It differs from crizotinib, which is developed around an aminopyridine group. The C2 and C4 positions in the pyrimidine ring bear two aniline groups, whereas C5 holds a chlorine atom. There is a methoxy group on the aniline ring at C2 which binds to a pocket under the ALK L1198 residue, thus filling the ribose binding pocket and providing interaction sites for more residues. The C5 chlorine atom interacts with the ALK L1196 gatekeeper residue. The DMPO group is incorporated as a hydrogen bond acceptor at the C4 aniline. These features impart important properties to the molecules, including increased hydrophilicity, decreased lipid solubility and limited protein binding. 30 The route of administration is oral. After oral absorption, 66% of the drug is bound to the plasma proteins with an elimination half-life of 25 hours. The recommended doses include an initial dose of 90 mg/day for 7 days followed by an increase in the dose to 180 mg/day afterwards, if tolerable. 17 Brigatinib acts as a multi-kinase inhibitor with a broadspectrum activity against ALK, ROS1, FLT3, mutant variants of FLT3, T790M-mutant EGFR (deletions and point mutations) and IGFR-1R, with minimal activity against wild-type EGFR or MET. 30 Brigatinib also has in vitro kinase activity against all mutations resistant to the first and second generation inhibitors, including ALK C1156Y, I1171S/T, V1180L, L1196M, L1152R/P, E1210K and G1269A mutations. 30 The use of brigatinib is associated with a number of side effects. With grade 1-2 toxicities, the drug can be resumed at a lower dose after returning to the baseline. However, grade 4 toxicities require the complete discontinuation of the drug.
The most common side effects include nausea, vomiting and diarrhea, along with headaches. The most serious side effects include pneumonitis/interstitial lung disease, as per the ALK in Lung Cancer Trial of AP26113 (ALTA). 17 In the trial, severe pulmonary adverse events were present in 3.7% of patients in the 90 mg group; however, there was an increase in the occurrence of events in patients with a dose increment to 180 mg. The pulmonary side effects manifest as worsening dyspnea and cough, especially in the first week. A high degree of clinical suspicion is required.
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Ali et al Hypertension is another important side effect in all TKIs. As per the ALTA trial, grade 3 hypertension was found in 5.9% of the overall patient population. Blood pressure monitoring starting after 2 weeks of intake followed by monthly monitoring of the blood pressure is advised. Bradycardia, visual disturbances, creatinine phosphokinase (CPK) elevation, increased amylase/lipase and hyperglycemia are some of the less common side effects. 17 
Preclinical data and resistance patterns
The emergence of resistance to first line crizotinib occurs through two basic pathways: ALK-dependent mechanisms (accounting for 30% of patients) and ALK-independent mechanisms. The ALK-dependent model involves the gain of secondary mutations in ALK that interfere with crizotinib binding and/or amplification of the ALK fusion gene, with more than 10 secondary mutations having been identified. The most common mutations are L1196M and G1269A. 10, 11 Furthermore, the CNS as the first site of progression occurs in about 50% of patients, alluding to inadequate CNS penetration of crizotinib as the basis for resistance. 12, 31 Alternatively, ALK-independent mechanisms involve the emergence of a second mutated, overexpressed or amplified oncogene relative to the pretreated NSCLC, such as EGFR, KRAS, BRAF, MET, HER2 and KIT. 10 Ceritinib and alectinib, two second generation ALK inhibitors, have been approved to treat patients with ALK-positive NSCLC who have progressed on crizotinib. Preclinical data have shown that these agents inhibit ALK more potently than crizotinib, and also maintain activity against many of the secondary mutations associated with crizotinib resistance. 32, 33 This has been corroborated clinically, with response rates of 49% for ceritinib and 58% for alectinib among previously treated patients. Furthermore, both of these agents have demonstrated activity in untreated CNS disease. 15, 34 That being said, progression is invariable, and a shorter time to progression has been demonstrated compared to first line crizotinib (median PFS =6.9-8.9 months). 15, 35 Furthermore, ALK secondary mutations related to resistance have been identified: F1174c/V specific for ceritinib, I1171N/T/S for alectinib and G1202R common to both. 10, 31, 36 Brigatinib was subsequently developed as a potent, selective inhibitor of ALK, capable of overcoming resistance mechanisms associated with crizotinib. It is able to achieve levels of exposure in patients that substantially exceed those required to inhibit native ALK. An extensive characterization of the preclinical properties of brigatinib was outlined by Zhang et al. 37 The experimental design was such that a kinase screen was performed to evaluate the selectivity profile of brigatinib, and the cellular and in vivo activities of ALK TKIs were compared using engineered and cancerderived cell lines. Across a panel of eight ALK-positive tumor-derived and engineered cell lines, brigatinib (median inhibitory concentration [IC 50 ] =10 nmol/L) inhibits ALK with 12-fold greater potency than crizotinib. Total steady-state plasma levels (C ave ) of brigatinib in patients dosed at 90 mg (582 nmol/L) and 180 mg (1,447 nmol/L) exceed the IC 90 for native ALK inhibition by 15-38-fold, compared to the 2-fold increment of the crizotinib plasma steady state. These findings may be attributed to the higher selectivity of brigatinib for ALK, and imply a lesser propensity for pharmacological failure. Furthermore, the brigatinib doses coincide with those employed in the pivotal Phase II study.
In addition, brigatinib is less susceptible to inducing secondary resistance mutations in ALK, compared to crizotinib, ceritinib and alectinib. Various concentrations of the four ALK TKIs were analyzed in an in vitro mutagenesis screen using Ba/F3 cells expressing native EML4-ALK. In the side-to-side comparison, only brigatinib was able to suppress emergence of any ALK secondary mutant at 500 nmol/L, whereas higher concentrations of the other ALK TKIs (up to 1,000 nmol/L) were needed. Another panel of Ba/F3 cell lines was generated containing native EML4-ALK or 17 different secondary ALK mutations. The inhibitory profile of brigatinib was found to be superior to that of the other three ALK TKIs in both analyses. The IC 50 of brigatinib against native EML4-ALK was 14 nmol/L, vs 107 nmol/L, 37 nmol/L and 25 nmol/L of crizotinib, ceritinib and alectinib, respectively. In addition, brigatinib was active against all resistant mutations tested (IC 50 ,200 nmol/L), specifically those reported in patients who progressed on ceritinib and alectinib (F1174C/V, I1171N and G1202R mutations). Brigatinib also inhibited nine different mutants with 3-54-fold greater potency compared to ceritinib and/or alectinib. Save for L1198F, brigatinib demonstrated greater activity than crizotinib for all mutants. Despite the overall superior selectivity over parental cells and for all mutants, G1202R remained relatively the most resistant to treatment (IC 50 =184 nmol/L).
These promising in vitro data were corroborated with in vivo-based experiments. ALK-positive Karpas-299 (ALCL) and H2228 (NSCLC) xenograft mouse models were treated with escalated doses of oral brigatinib: 10 mg/kg, 25 mg/kg or 50 mg/kg daily. This led to a dose-dependent inhibition of tumor growth in both models, with deeper 
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Ali et al and more sustained remissions coinciding with increased plasma levels of brigatinib. Specifically, H2228-derived tumors demonstrated greater sensitivity to ALK inhibition than Karpas-299-derived tumors when exposed to concordant drug doses, with substantial tumor regression being maintained for greater than 28 days after treatment. Moreover, a 100 mg/kg/day dose of crizotinib inhibited tumor growth and ALK signaling to a similar degree to 10 mg/kg brigatinib. 37 CNS activity of brigatinib was also evaluated using an orthotopic brain tumor model. ALK-positive H2228 (NSCLC) cells were injected intracranially to form brain tumors, and the mice were subsequently treated daily with vehicle, crizotinib (100 mg/kg) or brigatinib (25 or 50 mg/kg). Median survival for vehicle, crizotinib, brigatinib 25 mg/kg and brigatinib 50 mg/kg was 28 days, 47.5 days, 62 days and .64 days (study termination at day 64), respectively. There was also a significant reduction in tumor burden in the mice treated with 50 mg/kg brigatinib vs crizotinib. 37 It should also be noted that the percentage of brigatinib not bound to human plasma protein in vitro is 4-100-fold greater than that of crizotinib, ceritinib and alectinib. Consequently, cellular assays performed at physiological levels of human plasma protein demonstrated a 2-fold reduction in brigatinib potency compared with a 2.7-4-fold reduction with crizotinib, ceritinib and alectinib. 37 This may reflect an even greater potency of brigatinib in the clinical experience.
Clinical development
Despite the benefit of first and second generation ALK inhibitors in the management of ALK-rearranged advanced NSCLC, the development of acquired resistance poses an ongoing dilemma. Brigatinib (AP26113; ARIAD Pharmaceuticals, Cambridge, MA, USA) has demonstrated a wider spectrum of preclinical activity against crizotinib-resistant ALK mutants compared to both ceritinib and alectinib, adding to the ever-expanding treatment armamentarium. 37 These findings were subsequently corroborated in two published clinical trials. The first was a Phase I/II study by Gettinger et al. 39 In the post-hoc analysis, an objective response was clearly evident among 51 of the 71 patients who were previously treated with crizotinib. A reasonable PFS was also demonstrated, and the drug was fairly well tolerated. Notably, an idiosyncratic pulmonary toxicity was observed, but this was curtailed following the introduction of an antecedent dose-reduced loading phase.
The follow-up Phase II trial, ALTA, explored optimal dosing between a 90 mg/day regimen and a 180 mg/day regimen, each with a 1-week 90 mg/day pretreatment phase. Those patients treated with the 180 mg dose demonstrated a higher response, which was particularly notable among those with brain metastases. 17 Several such studies are currently underway to evaluate the benefit of the newer generation ALK inhibitors over crizotinib. These include brigatinib (ALTA-
Phase i/ii trial
The trial was a Phase I/II design, and was single armed and open labeled. The aim was to evaluate the role of brigatinib in the treatment of advanced malignancies, particularly ALK-rearranged NSCLC, which were refractory to available therapies and for which no standard or available curative treatments existed.
In the Phase I dose-escalation stage of the trial, patients received oral brigatinib at total daily doses ranging from 30 to 300 mg, with an endpoint of establishing the recommended Phase II dose. Dose-limiting toxicities, specifically one grade 3 ALT elevation and one grade 4 dyspnea, were observed at the 240 mg/day and 300 mg/day dose, respectively. This led to the designation of 180 mg/day as the optimal Phase II dose.
In the Phase II expansion stage, three regimens were specified: 90 mg/day, 180 mg/day and 180 mg/day with a 7-day lead-in at 90 mg/day. The 7-day lead-in was stipulated in an attempt to offset the accumulating early pulmonary toxicity observed with upfront 180 mg/day dosing. Five cohorts were defined: 1) ALK inhibitor-naïve ALK-rearranged NSCLC, 2) crizotinib-treated ALK-rearranged NSCLC, 3) EGFR
T790M
-positive NSCLC and resistance to one previous EGFR TKI, 4) other cancers with abnormalities in brigatinib targets and 5) crizotinib-naïve or crizotinib-treated ALKrearranged NSCLC with active, measurable, intracranial CNS metastases. Objective response as defined by the Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 was set as the Phase II primary endpoint among cohorts 1-4. For cohort 5, the primary outcome was CNS response.
A total of 137 patients were enrolled in the Phase I dose-escalation and the Phase II dose-expansion cohorts, all of whom were treated. Seventy-nine patients (58%) had ALK-rearranged NSCLC, and of these, 71 patients had previously received crizotinib. The median duration of treatment was 7.5 months (IQR 1.8-18.6 months) for all patients and Post-hoc analysis revealed that 51/71 patients (72%, 95% CI 60%-82%) with ALK-rearranged NSCLC who had previously been treated with crizotinib had an objective response. Furthermore, four (6%) of these patients were found to have a complete response (CR). Moreover, the median duration of response was 11.2 months (95% CI 7.6-29.7 months) in the crizotinib-treated group, but was not reached (NR) among crizotinib-naïve patients (95% CI 5.6 months to NR). When stratified according to various dosing schema, the impact on response was as follows: for 90 mg/day, 180 mg/day with the 7-day lead-in at 90 mg, and 180 mg/daily total dosing, the ORRs were 77% (13/10 patients, 95% CI 46%-95%), 80% (20/25, 95% CI 59%-93%) and 65% (15/23, 95% CI 43%-84%), respectively.
Median PFS was most robust in cohorts 1 and 2, not being reached in the ALK-inhibitor-naïve group (95% CI 7.4 months to NR) and 14.5 months (95% CI 9.2 months to NR) among those previously treated with crizotinib. Less impressively, cohort 4 had a median PFS of 1.8 months (95% CI 1.7-3.7 months) and one patient in cohort 3 progressed at 7.4 months. Finally, no PFS events (progression or death) were reported in cohort 5. In addition, when ALK-rearranged NSCLC patients were analyzed based on prior crizotinib therapy, those previously treated showed a median PFS of 13.2 months, but this was not reached in the crizotinibnaïve group.
ALTA trial
Based on the results of the prior study, an open-label, randomized Phase II trial was conducted to evaluate two different brigatinib dosing regimens among patients with locally advanced or metastatic ALK-positive NSCLC, who were refractory to crizotinib. It was titled the ALTA trial: ALK in Lung Cancer Trial of AP26113 (NCT02094573). Patients were randomized 1:1 to either brigatinib 90 mg/day (arm A) or 180 mg/day with a 7-day lead-in at 90 mg (arm B). Patients were also stratified based on brain metastases and best response to crizotinib. ORR according to RECIST v1.1 was set as the primary endpoint, with secondary endpoints including CNS response, duration of response, PFS, OS and safety and tolerability. 17 A total of 222 patients were enrolled into the study, with 112 being assigned to arm A and 110 to arm B. Patients were followed for an average of 8 months. Investigatorassessed confirmed ORR was 45% (97.5% CI 43%-56%) in arm A, including one CR, and 54% (97.5% CI 43%-65%) in arm B, including four CRs. Notably, responses included one patient in arm B with the recalcitrant G1202R mutation who achieved a confirmed partial response (PR). The median time to response approached 2 months in both arms, and median PFS was 9.2 months (97.5% CI 7.4-15.6 months) in arm A and 12.9 months (97.5% CI 11.1 months to NR) in arm B.
An update of the ALTA trial, presented at the 2017 International Association for the Study of Lung Cancer (IASLC) World Conference on Lung Cancer, corroborated the benefit of brigatinib in this setting, particularly highlighting the advantage of the 180 mg dosing. Median follow-up was now more than twice that of the initially published study, and demonstrated ORRs of 46% and 55%, and median PFS of 9.2 months and 15.6 months in arms A and B, respectively. The median OS was not reached in arm A, and was 27.6 months in arm B. 52 See Table 1 for a comparison between the pivotal Phase I/II trial and the randomized Phase II (ALTA) trial.
CNS activity
In the Phase I/II trial, 50 (63%) of the 79 patients with ALK-rearranged NSCLC had brain metastases at baseline, and 23 (46%) of these were naïve to cranial irradiation. Post-hoc analysis revealed that 46 of these 50 patients (92%) had had baseline imaging prior to starting brigatinib and at least one follow-up scan, allowing for evaluation of CNS response, with a median follow-up of 17.5 months. Fifteen of these 46 assessable patients (33%) had measurable brain metastases, with an intracranial response observed in 8/15 (53%). However, among the 31 (67%) patients with nonmeasurable disease, 11/31 (35%) had complete disappearance of CNS lesions on follow-up imaging. For all 19 patients who responded, the estimated median duration of intracranial response was 18.9 months (95% CI 5.5 months to NR), whereas for the entire group of 46 evaluable patients (responders and non-responders), the median intracranial PFS was 15.6 months (95% CI 13 months to NR).
Furthermore, 21/46 patients (47%) had not received prior cranial irradiation. Of the nine patients with measurable disease, five (56%) had a response, and similarly for those In the ALTA trial, 154 patients (69%) had baseline brain metastases, with 44 of these patients having measurable lesions. Active brain metastases were defined as lesions without prior radiotherapy or with investigator-assessed progression after prior radiotherapy. Among patients with measurable baseline brain metastases, the independent review committee-assessed intracranial ORR was 42% (11/26 patients, 95% CI 23%-63%) in arm A and 67% (12/18 patients, 95% CI 41%-87%) in arm B. For those patients who demonstrated an intracranial response, the median duration of response was not reached in either arm. Furthermore, the median intracranial PFS was 15.6 months (95% CI 7.3-15.7 months) and 12.8 months (95% CI 11.0 months to NR) in arms A and B, respectively.
A follow-up analysis by Camidge et al which was published in May 2018 provides updates on the CNS response of patients enrolled in each trial. 38 These results are summarized in Table 2 , which compares baseline CNS characteristics and responses between the pivotal Phase I/II trial and the randomized Phase II (ALTA) trial. Of note, three patients in arm A of the ALTA trial had progression in the brain while receiving brigatinib 90 mg/day, owing to either increased size of the target brain lesion or the appearance of a new brain lesion. Following escalation of the dose to 180 mg/day, serial imaging revealed the best reductions in the sum of diameters of measurable lesions to be 19%, 38% and 100%. By extension, those patients in arm B had a numerically lower incidence of first disease progression both intracranially and extracranially compared to those in arm A. The whole-body efficacy among ALK-positive NSCLC patients with baseline brain metastases was quite reasonable, with ORRs of 74% (34/46), 40% (32/80) and 59% (43/73), and median systemic PFS of 14.5 months, 8.8 months and 12.9 months in the Phase I/II, ALTA arm A and ALTA arm B trials, respectively. 38 In both trials, brigatinib has consistently yielded an impressive intracranial efficacy, with both high and durable responses. Furthermore, compared to both ceritinib and alectinib, ORRs were superior with brigatinib 180 mg (with lead-in) among patients with crizotinib-refractory ALKpositive NSCLC with measurable baseline brain metastases: 38% and 64% vs 67%, respectively. 38, 41 That being said, the limitation of both studies is that brain imaging was not performed and collected in a systematic, protocolized manner. This issue will be addressed in the upcoming randomized, Phase III trial of brigatinib 180 mg (with lead-in) vs 
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Ali et al crizotinib in ALK inhibitor-naïve patients with advanced ALK-positive NSCLC (ALTA-1L; Clinical trials identifier: NCT02737501), where intracranial disease will be followed longitudinally and prior CNS therapy will be fully detailed.
Safety and tolerability
ALK-specific TKIs offer an effective treatment strategy for NSCLC patients who are ALK rearranged. Implicit to the durable responses observed, as well as sequential therapy with the advent of newer ALK inhibitors, patients will foreseeably have a lengthy exposure to TKI therapy. As a result, it is paramount that the drugs have an acceptable safety and tolerability profile. The Phase I/II trial was the first to explore this metric in a clinical setting, with doses ranging from 30 mg to 300 mg. In the dose-escalation phase, two dose-limiting toxicities were observed: one grade 3 increase in alanine aminotransferase and one grade 4 dyspnea, at 240 mg and 300 mg, respectively. This led to the selection of 180 mg as the initial recommended Phase II dose. This was subsequently modified, introducing an antecedent 7-day lead-in of 90 mg followed by the established 180 mg/day, in an attempt to circumvent the pulmonary toxicities observed with upfront higher dosing.
The most frequent adverse events included nausea (53%), fatigue (43%) and diarrhea (41%), which were primarily grades 1-2. Grade 3-4 adverse events included mainly elevated lipase (9%), dyspnea (6%) and hypertension (5%). Notably, there was a group of pulmonary events that categorically occurred within 7 days of starting treatment, but especially within the first 48 hours. Events were characterized by dyspnea, hypoxia, cough, pneumonia and pneumonitis, with an increasing frequency of events mirroring higher starting doses of brigatinib. This phenomenon seemed to have been mitigated with the 7-day lead-in dose of 90 mg, as none of the 32 patients treated in this sequence experienced pulmonary issues.
Dose reduction was mandated in 15/98 patients (15%) owing to adverse events in the Phase II expansion. Sixteen patients (12%) died during treatment or within 31 days of the last dose of brigatinib. Eight cases were attributed to progression of the underlying neoplasm. However, the cause of death among each of the other eight cases was mainly pulmonary related, and included pneumonia, acute respiratory distress syndrome, dyspnea, hypoxia and respiratory failure. One patient experienced sudden death and another patient died from unknown causes. Three of these deaths were, at least in part, believed to be secondary to treatment.
The spectrum of adverse events observed in the ALTA trial closely paralleled that in the Phase I/II study. Nausea (33%/40%, arm A/B), diarrhea (19%/38%, arm A/B), headache (28%/27%, arm A/B) and cough (18%/34%, arm A/B) were the most common events, and were mainly grade 1-2. Likewise, grade 3 and higher events were hypertension, pneumonia and increased lipase, all generally occurring in 3%-6% of cases.
Also akin to the Phase I/II trial, there was a subset of early pulmonary events of similar character occurring with a median time to onset of 2 days (range 1-9 days). Fourteen (6%) events all occurred at the 90 mg dose; however, no further episodes were observed despite escalation to 180 mg. Six patients required dose interruption and reintroduction, while seven patients discontinued treatment entirely.
Dose reduction secondary to any adverse event was required in 8/109 patients (7%) in arm A and 22/110 (20%) patients in arm B. Dose interruption was necessary in 20 patients (18%) and 40 patients (36%) in arms A and B, 
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In the 2017 trial update, the most common grade 3 or higher events increased blood CPK (3%/11%), hypertension (4%/4%), increased lipase (4%/4%), rash (1%/4%) and pneumonitis (2%/4%) in arms A and B, respectively. Also, for arms A and B, dose-reduction rates were 9% and 30%, respectively, while treatment was discontinued in 4% and 11% of patients.
Tolerability was also gaged from the patient's perspective, utilizing the European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire Core 30 (QLQ-C30). Questionnaires were completed at baseline and at the beginning of each cycle. Although no statistically significant difference was observed between the two arms, 80% of patients reported either an improvement or at least no change in their quality of life scores. Furthermore, up to 30% experienced a clinically meaningful reduction in symptoms.
what is the place of brigatinib in therapy?
The preceding two trials have clearly demonstrated the benefit of brigatinib among patients with ALK-positive NSCLC who have progressed on crizotinib (see Table 1 ). Brigatinib also shows promising activity among those patients who are ALK inhibitor naïve, as well as those with brain metastases. Furthermore, compared to the other two second generation ALK inhibitors, ceritinib and alectinib, the objective response rates and median PFS of brigatinib are comparable, and may even be superior. Nonetheless, cross-trial comparisons should be interpreted with a fair amount of scrutiny, bearing in mind the differences among the patient populations being analyzed.
The real question now arises as to how to appropriately sequence therapy to obtain the proverbial "biggest bang for one's buck". Alectinib has replaced crizotinib as the approved first line therapy among patients with ALK-rearranged NSCLC, with ceritinib and brigatinib being relegated to second line therapy following progression. But which of these should be used in preference? It is evident from preclinical data that brigatinib has the broadest in vitro coverage against resistance patterns as defined by the acquisition of ALK mutations. This was subsequently corroborated in the clinical realm when a patient with the recalcitrant G1202R mutation had a confirmed PR in the ALTA trial.
The J-ALEX study introduced new insight into upfront treatment with second generation ALK inhibitors, demonstrating an improved PFS favoring alectinib (not estimable) over crizotinib (10.2 months) in the first line setting (HR 0.34, P,0.0001). 18 A similar study conducted by Peters et al further cemented the benefit of alectinib vs crizotinib in previously untreated, advanced ALK-positive NSCLC. The results of this study mirrored those of the J-ALEX trial, with PFS not being reached in the alectinib arm and being 11.1 months in the crizotinib group. 40 In July 2018, Takeda Pharmaceuticals, the maker of brigatinib, issued a press release confirming that the ALTA-1L trial, a pivotal Phase III study investigating the activity of brigatinib in treatment-naïve patients, had reached its primary endpoint of superior PFS for brigatinib compared to crizotinib in the first line setting. Furthermore, in updates of the ALTA Phase II trial, brigatinib has shown an ORR of 56% and an unprecedented median PFS of 16.7 months and OS of 34.1 months. This is the longest PFS of any ALK inhibitor to be reported in the second line setting for patients who have progressed on crizotinib. Once brigatinib receives FDA approval, it will become another option for the first line treatment of ALK-positive NSCLC. In addition, a subsequent trial (NCT02706626) is being planned to elucidate the role of brigatinib following progression on second generation ALK inhibitors.
In terms of safety profiles, alectinib seems to be generally well tolerated, while ceritinib has a higher incidence of clinically significant drug-related adverse events. Brigatinib has also been shown to be reasonably safe, with the most concerning adverse event being early-onset pulmonary toxicity. This presented mainly as either pneumonitis or interstitial lung disease, and was associated with the 90 mg dose, regardless of whether this was the baseline dosing regimen or the 7-day lead-in to 180 mg. Notably, no events occurred with escalation to 180 mg.
Based on the efficacy and safety observed in both the Phase I/II trial and the ALTA study, the FDA granted accelerated approval to brigatinib for the treatment of metastatic crizotinib-resistant, ALK-positive NSCLC patients on April 28, 2017. The European Committee for Medicinal Products for Human Use has also recently mirrored this outlook, giving a positive opinion about brigatinib use in patients previously treated with crizotinib who have progressed or become intolerant to the drug. European marketing approval was eventually granted in November 2018. 53 That being said, there are multiple other agents currently in development for this ALK/ROS1 subpopulation. Lorlatinib, another new generation ALK inhibitor, has proven efficacy in both in vitro and in vivo experiments, inhibiting cell growth in crizotinib-or alectinib-resistant ALK mutant lung cancer cell lines, as well as demonstrating a systemic and intracranial response in mouse models leading to prolonged Drug Design, Development and Therapy 2019:13 submit your manuscript | www.dovepress.com
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Ali et al survival. 42, 43 In the Phase I study conducted by Shaw et al, 54 patients with advanced ALK-positive or ROS1-positive NSCLC were enrolled to receive various doses of lorlatinib. 44 The major dose-limiting toxicity was a grade 2 CNS effect which manifested as slowed speech and mentation, as well as difficulty with finding words. This was observed at doses of 200 mg/day, whereas a dose of 100 mg/day was found to be both efficacious and well tolerated, and was eventually adopted as the recommended dose in the subsequent Phase II study. 45 Notably, Shaw et al detected a double mutation (ALK C1156Y/L1198F) in patients resistant to lorlatinib, which conferred resensitization to crizotinib. 46 In the Phase II trial (NCT01970865), 275 ALK-or ROS1-positive patients received lorlatinib at 100 mg/day. Results were reported in six expansion cohorts according to prior treatments, with patients from four of these cohorts (197/257) having received prior therapy with ALK inhibitors. Among these, the ORR was 62.4% (95% CI 33%-74%) and intracranial ORR was 54.9% (95% CI 39%-75%). Moreover, among the 30 patients who received lorlatinib as first line therapy, 27 (90%) had a confirmed ORR. The median duration of response was 12.5 months (95% CI 8.4-23.7 months). As of November 2018, lorlatinib has been granted accelerated approval by the FDA for use in patients with ALK-positive metastatic NSCLC who have progressed on one or more ALK TKIs, based on this study. The Phase III CROWN study (NCT03052608), an open-label, randomized, doubleblind, two-arm trial, which aims to compare lorlatinib with crizotinib as a first line treatment in patients with advanced ALK-positive NSCLC, is still recruiting.
Yet another agent with the potential to revolutionize treatment of ROS1-positive advanced NSCLC is entrectinib. It is a small-molecule TKI that targets oncogenic rearrangements in NTRK, ROS1 and ALK. 47 At the IASLC 18th World Conference on Lung Cancer, Doebele's group presented results of an integrated analysis of 53 patients with ROS1-positive NSCLC from three different clinical trials of entrectinib: Phase II STARTRK-2, Phase I STARTRK-1 and Phase I ALKA-372-001. The ORR was 77.4%, with a median duration of response of 24.6 months. Among the 23 patients with evaluable brain metastases, the intracranial response was 55%, with a duration of intracranial response of 12.9 months. Median PFS was 19 months, and with a median follow-up of 15.5 months, nine patients (17%) have died. Tolerance was reasonable, with only 3.9% of patients discontinuing the drug because of adverse events. Given that crizotinib is the only drug approved for ROS1-positive locally advanced/ metastatic NSCLC, entrectinib may now be a viable first line option, especially for those patients with CNS involvement. 48 
Future directions
The discovery of the ALK gene rearrangement has revolutionized the treatment paradigm for NSCLC patients with this subtype. Multiple ALK inhibitors have already been trialed and tested in established niches, and, with several other agents on the horizon, the question now becomes: what is the optimal sequencing to offer the greatest longevity to our patients? Likewise, the durability of each TKI is variable, and suboptimal target inhibition may explain pharmacological failure and the emergence of various resistance mechanisms. Current and upcoming trials will inform choices for optimal first line therapy and how to effectively maneuver ALK TKI therapy, especially given that many tumors remain ALK dependent even beyond progression on first line ALK TKI.
Moreover, the advent of genomic profiling and next generation sequencing is leading the way for "patient-specific" therapy, now appropriately labeled precision medicine. Combination therapies involving ALK inhibitors may become the new trend. Indeed, data from recent trials such as KeyNote 042 49 and IMpower 150 50 have very encouragingly demonstrated the benefit of anti-programmed cell death protein-1 (PD-1) drugs among patients with advanced NSCLC. However, these drugs have traditionally not been as effective among never-smokers, who constitute a large proportion of the ALK-positive faction. Determining whether ALK inhibitors can potentiate the immune system and thereby magnify the effect of immunotherapy may be a worthwhile pursuit.
Ultimately, the true benefit of these targeted agents may be in elucidating an effective "add-on" strategy, which is both tolerable and safe. Incumbent on this premise would be to transform ALK-rearranged NSCLC into a chronic disease. Targeted therapies have indeed heralded a new era in the treatment of oncogene-driven malignancies.
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